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ABSTRACT
We analyze the interiors of HD 219134 b and c, which are among the coolest super Earths detected thus far.
Without using spectroscopic measurements, we aim at constraining if the possible atmospheres are hydrogen-
rich or hydrogen-poor. In a first step, we employ a full probabilistic Bayesian inference analysis in order to
rigorously quantify the degeneracy of interior parameters given the data of mass, radius, refractory element
abundances, semi-major axes, and stellar irradiation. We obtain constraints on structure and composition for
core, mantle, ice layer, and atmosphere. In a second step, we aim to draw conclusions on the nature of possible
atmospheres by considering atmospheric escape. Specifically, we compare the actual possible atmospheres to a
threshold thickness above which a primordial (H2-dominated) atmosphere can be retained against evaporation
over the planet’s lifetime. The best constrained parameters are the individual layer thicknesses. The maximum
radius fraction of possible atmospheres are 0.18 and 0.13 R (radius), for planets b and c, respectively. These
values are significantly smaller than the threshold thicknesses of primordial atmospheres: 0.28 and 0.19 R,
respectively. Thus, the possible atmospheres of planets b and c are unlikely to be H2-dominated. However,
whether possible volatile layers are made of gas or liquid/solid water cannot be uniquely determined. Our main
conclusions are: (1) the possible atmospheres for planets b and c are enriched and thus possibly secondary
in nature, and (2) both planets may contain a gas layer, whereas the layer of HD 219134 b must be larger.
HD 219134 c can be rocky.
1. INTRODUCTION
1.1. Motivation
Little is known about compositional and structural diver-
sity of super-Earths. We often consider super-Earths to be
distinct from sub-Neptunes in terms of their volatile fraction.
In fact, there is an intriguing transition around 1.5 R⊕, above
which most planets appear to contain a significant amount of
volatiles (e.g., Rogers et al. 2015; Dressing et al. 2015). The
distribution of planet densities and radii suggest a transition
that is continuous rather than stepwise (Leconte et al. 2015),
although the limited number of available observations might
not allow a firm conclusion yet (Rogers et al. 2015).
A key criterion to distinguish super-Earths from sub-
Neptunes is the origin of its atmosphere. Super-Earths atmo-
spheres are thought to be dominated by outgassing from the
interior, whereas sub-Neptunes have accreted and retained a
substantial amount of primordial hydrogen and helium. The
atmospheric scale height will be significantly larger in the lat-
ter case since it scales as the reciprocal of the mean molecular
mass. In consequence, the radius fraction of volatiles is often
used to distinguish between super-Earths and sub-Neptunes.
The nature of an atmosphere, be it primordial or secondary,
helps to clearly categorize a planet. Atmospheres can have
three different origins. (1) Accreted nebular gas from the
protoplanetary disk (primordial origin), (2) gas-release dur-
ing disruption of accreting volatile-enriched planetesimals,
or (3) outgassing from the interior (secondary origin). The
time-scales associated with (1-2) and (3) are very differ-
ent. An atmosphere that is dominated by outgassed plan-
etesimal disruption (2) can theoretically be significantly dif-
ferent from a hydrogen-helium atmosphere (e.g., Fortney et
al. 2013; Elkins-Tanton & Seager 2008; Schaefer & Feg-
ley 2007; Hashimoto et al. 2007; Zahnle et al. 2015; Ven-
turini et al. 2016). Venturini et al. (2016) show that enriched
gas layers speed up the accretion of gas from the primordial
disk, which explains large fractions of H/He for intermedi-
ate mass planets. However, to what extent atmospheres of
low-mass planets can be enriched (e.g., in water) and sustain
their metallicity over their lifetime is subject of ongoing re-
search. For the close-in super-Earths HD 219134 b and c,
we consider the two scenarios (1) and (3). In other words,
we use the term primordial to refer to H2-dominated atmo-
spheres that are pristine and compositionally unaffected by
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2subsequent physical or chemical processing including atmo-
spheric escape (e.g., Hu et al. 2015; Lammer et al. 2013) or
interaction with the rocky interior.
The atmospheres of close-in planets are subject to signifi-
cant mass loss (atmospheric escape), driven by extreme ul-
traviolet and X-ray heating from their stars. The goal of
this study is to present a method for determining if a planet
may host a gaseous layer, and if this gas layer is hydrogen-
dominated (primordial) or dominated by high mean molecu-
lar masses (secondary). Our method is different and com-
plementary to studies that use spectroscopic signatures to
distinguish between hydrogen-rich and hydrogen-poor atmo-
spheres (e.g., Miller-Ricci et al. 2009). We focus on the HD
219134 system, which hosts multiple planets. Two of which
fall in the super-Earth regime. Both planets b and c are tran-
siting (Vogt et al. 2015; Gillon et al. 2017) and represent to-
gether the coolest super-Earth pair yet detected in a star sys-
tem (Figure 1).
The characterization of two planets from the same system
benefits from possible compositional correlations between
them. We can expect a correlation in relative abundance of
refractory elements (Sotin et al. 2007). Abundances mea-
sured in the photosphere of the host star can be used as prox-
ies for the relative bulk abundances, namely Fe/Si and Mg/Si
(Dorn et al. 2015). Here, we use different photospheric mea-
surements on HD 219134, compiled by Hinkel et al. (2014).
These bulk abundance constraints in addition to mass, radius,
and stellar irradiation are the data that we use to infer struc-
ture and composition of the planets.
A rigorous interior characterization that accounts for data
and model uncertainty can be done sensibly using Bayesian
inference analysis, for which we use the generalized method
of Dorn et al. (2016a). The previous work of Dorn et al.
(2015) and Dorn et al. (2016a) showed that Bayesian infer-
ence analysis is a robust method for quantifying interior pa-
rameter degeneracy for a given (observed) exoplanet. While
Dorn et al. (2015) focussed on purely rocky planets, a gen-
eralized method for super-Earths and mini-Neptunes was de-
veloped by Dorn et al. (2016a) by including volatiles (liquid
and high pressure ices, and gas layers). Inferred confidence
regions of interior parameters are generally large, which em-
phasizes the need to utilise extra data that further informs
one about a planet’s composition and structure. Here, we in-
vestigate additional considerations on atmospheric escape to
further constrain the nature of the atmosphere.
Similarly to the previous works, we assume planets that
are made of distinct layers, i.e. iron core, silicate mantle, wa-
ter layer, and gas layer as illustrated in Figure 2. The use
of an inference analysis allows us to account for the degen-
eracy among the layer properties, i.e., core size, mantle size
and composition, water mass fraction, gas mass fraction and
metallicity, and intrinsic luminosity. In this study, we ac-
count for interior degeneracy and calculate robust confidence
regions of atmospheric thicknesses (renv). These inferred
thicknesses renv are then compared to theoretically possible
thicknesses of a H2-dominated atmosphere. The theoretically
possible range of a H2-dominated atmospheres is restricted
due to atmospheric escape, i.e., too thin H2-dominated at-
mospheres cannot be retained over a planet’s lifetime. This
implies a threshold thickness below which H2-dominated at-
mospheres cannot be retained. Here, we present how this
threshold thickness (∆R) can be estimated. The comparison
between ∆R and renv is a key aspect of our study and allows
us to draw conclusions about the nature of possible planetary
atmospheres.
1.2. Concept and method
We wish to first describe the method conceptually, before
providing the technical details later in the paper. Consider
a planet orbiting close to its star, which emits ultraviolet and
X-ray radiation. Planet formation occurs on short time-scales
(∼ 106− 108 years) and is essentially instantaneous over the
lifetime of a ∼ 1–10 Gyr-old star. Immediately after the
planet has formed, it retains a hydrogen-dominated atmo-
sphere, which is then continuously eroded until the present
time. We take the total time lapsed to be the age of the star
(t?).
The total mass of lost primordial atmosphere,Menv,lost(t),
increases over time due to atmospheric escape. Over the life-
time t?, the total escaped mass is Menv,lost(t?), which we
convert to a fraction of the planetary radius, ∆R/R. Atmo-
spheric escape can erode ∆R worth of atmosphere over the
age of the star. Independent of ∆R and from our Bayesian
inference analysis, we can estimate the possible range of
atmospheric thicknesses at the present time, renv(t?). If
renv(t?) < ∆R, then the atmosphere is not H2-dominated,
because any H2 atmosphere would have been eroded away.
Thus, ∆R may be visualized as being the threshold thick-
ness above which a primordial atmosphere can be retained
against atmospheric escape over a time t?. The comparison
between renv(t?) and ∆R is a key aspect of this study.
The outline of this study is as follows: We first discuss the
method of characterizing planet interiors. We explain how
we approximate the amount of primordial atmosphere that
may be lost due to stellar irradiation and how we relate this
to a threshold thickness of a primordial atmosphere. Based
on these estimates, we demonstrate how we infer the atmo-
spheric origin. We show results for HD 219134 b and c, and
compare them to 55 Cnc e, HD 97658 b, and GJ 1214 b.
In an attempt to get an idea of the distribution of enriched
(secondary) atmospheres, we apply the method to low-mass
planets (< 10 M⊕). We finish with a discussion and conclu-
sions.
Note that we use the terms atmosphere and gas layer syn-
onymously. The atmosphere/gas layer model comprises a ra-
diative layer on top of a convection-dominated envelope.
2. METHODOLOGY
3Figure 1. Mass-radius diagram for planets below 2.7 R⊕ and 10 M⊕
and mass uncertainties better than 20% in general. HD 219134 b
and c are among the coolest exoplanets yet detected regarding their
equilibrium temperature (in color). Planets in bold face are included
in the comparative study in section 3.3.
2.1. Interior characterization
Using the generalized Bayesian inference analysis of Dorn
et al. (2016a) that employs a Markov chain Monte Carlo
(McMC) method, we rigorously quantify the degeneracy of
the following interior parameters for a general planet:
• core: core size (rcore),
• mantle: mantle composition (Fe/Simantle,
Mg/Simantle) and size (rmantle),
• water: water mass fraction (mwater),
• gas: intrinsic luminosity (Lenv), gas mass (menv), and
metallicity (Zenv).
From the posterior distribution of those interior parameters,
we can compute the posterior distribution of the thickness
of a possible gas layer (renv), which we then use to infer if
the gas layer is hydrogen-rich or poor (Section 2.3). Regard-
ing the volatile-rich layers, our parameterization allows us to
produce planet structures that range from (1) purely-rocky to
(2) thick water layers with no additional gas layer to (3) thick
gas layers without water layers below. The latter structure (3)
determines the largest values of renv. Figure 2 illustrates the
interior parameters of interest.
Fe/Simantle
Mg/Simantle 
rmantle
rcore
mwater
menv,Zenv,Lenv
renv
Figure 2. Illustration of interior parameters: core size (rcore), man-
tle composition (Fe/Simantle, Mg/Simantle), mantle size (rmantle),
water mass fraction (mwater), intrinsic luminosity (Lenv), gas mass
(menv), gas metallicity (Zenv), and atmospheric thickness (renv).
The considered data comprise:
• mass M ,
• radius R,
• bulk abundance constraints on Fe/Sibulk and
Mg/Sibulk, and minor elements Na, Ca, Al,
• semi-major axes a,
• stellar irradiation (namely, effective temperature Teff
and stellar radius R?).
For Fe/Sibulk, Mg/Sibulk and minor elements, we use
their equivalent stellar ratios as proxies that can be measured
in the stellar photosphere (Dorn et al. 2015).
The prior distributions of the interior parameters are listed
in Table 1. The priors are chosen conservatively. The cu-
bic uniform priors on rcore and rmantle reflect equal weigh-
ing of masses for both core and mantle. Prior bounds on
Fe/Simantle and Mg/Simantle are determined by the host
star’s photospheric abundance proxies. Since iron is dis-
tributed between core and mantle, Fe/Sibulk only sets an up-
per bound on Fe/Simantle. A log-uniform prior is set for
menv and Lenv. A uniform prior in Zenv equally favors
metal-poor and metal-rich atmospheres, which seems appro-
priate for secondary atmospheres. In Section 3.1, we investi-
gate the effect of different priors on Zenv.
In this study, the planetary interior is assumed to be com-
posed of a pure iron core, a silicate mantle comprising the ox-
ides Na2O–CaO–FeO–MgO–Al2O3–SiO2, pure water layer,
and an atmosphere of H, He, C, and O.
4The structural model for the interior uses self-consistent
thermodynamics for core, mantle, high-pressure ice, and wa-
ter ocean, and to some extent also atmosphere. For the core
density profile, we use the equation of state (EoS) fit of iron
in the hcp (hexagonal close-packed) structure provided by
Bouchet et al. (2013) on ab initio molecular dynamics sim-
ulations. We assume a solid state iron, since the density in-
crease due to solidification in the Earth’s core is small (0.4
g/cm3, or 3%) (Dziewonski & Anderson 1981). For the sili-
cate mantle, we compute equilibrium mineralogy and density
as a function of pressure, temperature, and bulk composition
by minimizing Gibbs free energy (Connolly 2009). For the
water layers, we follow Vazan et al. (2013) using a quotidian
equation of state (QEOS) and above 44.3 GPa, we use the
tabulated EoS from Seager et al. (2007) that is derived from
DFT simulations. Depending on pressure and temperature,
the water can be in solid, liquid or vapour phase. We assume
an adiabatic temperature profile within core, mantle, and wa-
ter layers. The surface temperature of the water layer is set
equal to the temperature of the bottom of the gas layer.
For the gas layer, we solve the equations of hydrostatic
equilibrium, mass conservation, and energy transport. For
the EoS of elemental compositions of H, He, C, and O, we
employ the CEA (Chemical Equilibrium with Applications)
package (Gordon & McBride 1994), which performs chemi-
cal equilibrium calculations for an arbitrary gaseous mixture,
including dissociation and ionization and assuming ideal gas
behavior. The metallicity Zenv is the mass fraction of C and
O in the gas layer, which can range from 0 to 1. For the gas
layer, we assume an irradiated layer on top of a convective-
dominated envelope, for which we assume a semi-gray, ana-
lytic, global temperature averaged profile (Guillot et al. 2010;
Heng et al. 2014). The boundary between the irradiated
layer and the underlying envelope is defined where the op-
tical depth in visible wavelength is 100/
√
3 (Jin et al. 2014).
Within the envelope, the usual Schwarzschild criterion is
used to distinguish between convective and radiative layers.
The planet radius is defined where the chord optical depth
becomes 0.56 (Lecavelier des Etangs et al. 2008).
We refer to model I in Dorn et al. (2016a) for more details
on both the inference analysis and the structural model.
2.2. Estimating the threshold thickness ∆R of a primordial
atmosphere layer considering atmospheric escape
We approximate ∆R by the atmospheric layer thickness
that corresponds to the accumulated mass of hydrogen that
may be lost over the planet’s lifetime (Menv,lost). Loss rates
are determined by X-ray irradiation from the star and mass-
loss efficiencies. Hydrostatic balance is used to calculate
the layer thickness ∆R corresponding to a primordial atmo-
sphere of mass Menv,lost. The detailed calculation of ∆R
involves several steps, that are discussed in the following.
Let the layer thickness ∆R be the difference in radius at-
tributed to a primordial atmosphere. If we assume this layer
Table 1. Prior ranges.
parameter prior range distribution
rcore (0.01 – 1) rmantle uniform in r3core
Fe/Simantle 0 – Fe/Sistar uniform
Mg/Simantle Mg/Sistar Gaussian
rmantle (0.01 – 1) R uniform in r3mantle
mwater 0 – 0.98 M uniform
menv 0 – menv,max uniform in log-scale
Lenv 10
18 − 1023 erg/s uniform in log-scale
Zenv 0 – 1 uniform
to be in hydrostatic equilibrium, then this difference in radius
is
∆R = H ln
(
Pb
Pt
)
, (1)
where H is pressure scale height and Pb is the pressure at
the bottom of the layer, which we will derive in the next
paragraphs. Pt is the pressure at the top of the layer, cor-
responding to the transit radius (Heng 2016),
Pt ≈ g
κ
√
H
2piR
. (2)
If we assume a mean opacity of κ = 0.1 cm2 g−1 (Freedman
et al. 2014), then for both the b and c planets we get Pt ≈ 1
mbar.
The pressure scale height H is calculated assuming a
hydrogen-dominated layer (mean molecular mass µ =
2 g/mol) and using the equilibrium temperature Teq,
H =
TeqR
∗
gsurfµ
, (3)
where gsurf is surface gravity and R∗ is the universal gas
constant (8.3144598 J mol−1 K−1). The estimates in Heng
(2016) suggest that the assumption of T = Teq is reasonable.
Values for gsurf and Teq are listed in Tables 2 and 3.
The pressure at the bottom of the layer Pb corresponds to
the accumulated mass of escaped hydrogen over the planet’s
lifetime Menv,lost,
Pb =
gMenv,lost
4piR2
, (4)
which is simply a restatement of Newton’s second law.
Menv,lost is approximated by atmospheric escape consider-
ations. Dimensional analysis yields an expression for the at-
mospheric escape rate,
M˙ =
piηFXR
2
Eg
, (5)
where FX is the X-ray flux of the star and Eg = GM/R is
the gravitational potential energy. The evaporation efficiency,
η, is the fraction of the input stellar energy that is converted
5to escaping outflow from the planet. It is often assumed to
be a constant, but it is more likely that its value varies with
the age of the system (Owen & Wu 2013). The evaporation
efficiency η has been studied by various authors (e.g., She-
matovich et al. 2014; Salz et al. 2016), who demonstrate that
values between 0.01 and 0.2 are reasonable for our planet
range of interest. In other words, η hides the complexity of
atmospheric radiative transfer of X-ray photons as well as
unknown quantities such as the planetary albedo.
The strongest assumption we make is that mass loss is con-
stant over the planet’s lifetime, such that Menv,lost = t?M˙
(t? = 12.9 Gyr; Takeda et al. 2007). Thus, equations 4 and 5
provide us the expression
Pb =
ηLXt?
16pia2R
, (6)
withLX = 4pia2FX = 4×1026 erg s−1 (Porto de Mello et al.
2006) being the X-ray luminosity of the star. In Figure 3, we
compute ∆R/R as a function of η, since the exact value of
η is not well known. Fortunately, ∆R/R depends weakly on
η. Also, uncertainty in stellar age only has a small effect on
∆R/R: a difference in stellar age of 1 Gyr only introduces
variations on ∆R/R of less than one percent. The spread in
∆R/R is mainly due to the uncertainties in planetary mass
and radius.
The physical interpretation of the preceding expressions
for Pb and ∆R are worth emphasizing. The former is the
amount of primordial atmosphere that may be lost by atmo-
spheric escape during the lifetime of the star. It provides a
conservative estimate, because we have assumed the X-ray
luminosity to be constant, whereas in reality stars tend to be
brighter in X-rays earlier in their lifetimes:
Menv,lost =
∫ t?
0
M˙(t)dt > M˙t? . (7)
The expression for ∆R is then a lower limit for a primor-
dial atmosphere thickness corresponding to this atmospheric
mass loss scenario.
2.3. Assessing secondary/primordial nature of an
atmosphere
We wish to compare ∆R with the gas thickness renv in-
ferred from the interior characterization. There are three pos-
sible scenarios:
• renv > ∆R: Atmospheric escape is not efficient
enough in removing a possible primordial atmosphere.
This suggests that a large portion of the atmosphere
can be primordial. However, a secondary atmosphere
is also possible.
• renv ≈ ∆R: Mass loss can be still ongoing and no
conclusion can be drawn about the nature of the atmo-
sphere.
Figure 3. Threshold thickness ∆R as a function of evaporation ef-
ficiency η. The spread accounts for the uncertainty in planet mass
and radius, and age. If the inferred radius renv is less than ∆R, then
the atmosphere is most likely enriched and not dominated by H2.
• renv < ∆R: Atmospheric escape should have effi-
ciently removed any primordial H2 atmosphere. If a
finite renv/R is inferred, the atmosphere is likely en-
riched and thus of secondary origin. Since the calcula-
tion of the threshold thickness ∆R is conservative, this
is the only scenario that can be used for a conclusive
statement on the atmospheric origin.
This conclusion is illustrated in Figure 4, where the
time-evolutions of H2-dominated atmosphere thick-
nesses for HD219134 b are shown for η = 0.01. The
curves are constructed such that at t = t? the relative
thicknesses renv/R are equal to 0 (blue), 0.1 (black),
0.17 (red), and 0.23 (green). Furthermore, the solid
curves include the time-evolution of X-ray flux, which
we assume here to be solar-like (FX ∝ t−1.83 for
t > tsat and FX = FX for t < tsat, where the sat-
uration time is equal to 100 Myr and FX(t?) is the ob-
served value) (Ribas et al. 2005). Compared to a con-
stant X-ray flux, the higher stellar activity for a young
star implies that an atmosphere thickness of renv/R
at t? must have started with a higher gas fraction at
t = 0 (see difference between solid and dashed curves
in Figure 4). In both scenarios, we find that the smaller
the observed thickness renv/R compared to ∆R/R,
the shorter the time a planet spends with this atmo-
sphere thickness. Thus it is possible for a planet to host
remaining small amounts of an initially thick primor-
dial atmosphere that will have a renv/R lower than the
threshold thickness. However, we find that this state is
a very short fraction of the planet’s lifetime, so it is un-
likely that the planets we observe with renv/R lower
than the threshold value will be remnants of thicker
primordial atmospheres. In consequence, inferred at-
6mospheres with thicknesses less than ∆R/R are likely
to be enriched (secondary).
Figure 4. Evolution of H2-dominated atmosphere thicknesses
renv/R for HD219134b leading to different thicknesses at t = t?
(η = 0.01 in all cases). Solid curves account for a time variable
stellar X-ray flux FX(t) (Ribas et al. 2005), whereas dashed curves
imply a constant FX .The blue-shaded area depicts the evolution of
∆R/R, its spread accounts for the uncertainties in planet mass and
radius.
3. RESULTS
3.1. Interiors of HD 219134 b and c
We apply the inferrence method to HD 219134 b and c with
the data listed in Tables 2 and 3. The latter lists different stel-
lar abundance estimates from the literature (Mishenina et al.
2015; Ramı´rez et al. 2007; Valenti & Fischer 2005; The´venin
1998; The´venin & Idiart 1999) that were compiled by (Dorn
et al. 2016b) to examine different bulk abundance scenarios.
Besides a median abundance estimate (V0), they provide an
iron-rich (V1) and an iron-poor (V2) scenario, that reflect
the limited accuracy in stellar abundance estimates (Table 4).
First, we use the median stellar abundance estimate denoted
with V0. Figures 5 and 6 show the two and one-dimensional
(2-D and 1-D) marginal posteriors for all eight model param-
eters. Best constrained parameters are the layer thicknesses
represented by mwater, rmantle, rcore. We summarize our
findings on the interiors of HD 219134 b and c with respect
to the models that fit the data within 1-σ uncertainty (blue
dots in Figs. 5 and 6):
• The possible interiors of HD 219134 b and c span a
large region, including purely rocky and volatile-rich
scenarios.
• less than 0.1% of the model solutions for planets b and
c, repectively, are rocky (rrocks/R > 0.98).
• The possible water mass fraction of HD 219134 b and
c can reach from 0 – 0.2 and 0 – 0.1, respectively.
• Unsurprisingly, the individual atmosphere properties
(menv, Lenv, Zenv) are weakly constrained. Conse-
quently, their pdfs are dominated by prior information.
However, the possible range of atmosphere thickness
is well constrained to 0 – 0.18 and 0 – 0.13 for planets
b and c, respectively (see Section 3.1.1).
Table 2. Summary of planetary data (Motalebi et al. 2015; Gillon
et al. 2017).
parameter HD 219134 b HD 219134 c
R/R⊕ 1.606±0.086 1.515 ± 0.047
M /M⊕ 4.36±0.44 4.34 ± 0.22
gsurf [cm/s−2] 1656 1865
Teq [K] 1025 784
a [AU] 0.038 0.065
Table 3. Summary of stellar data (Motalebi et al. 2015).
parameter HD 219134
Rstar/Rsun 0.778 ± 0.005
Teff in K 4699 ± 16
[Fe/H] 0.04–0.84
[Fe/H]median 0.13
[Mg/H] 0.09–0.37
[Mg/H]median 0.32
[Si/H] 0.04–0.27
[Si/H]median 0.12
[Na/H] 0.17–0.32
[Na/H]median 0.19
[Al/H] 0.16–0.29
[Al/H]median 0.23
[Ca/H] 0.18–0.25
[Ca/H]median 0.21
3.1.1. Influence of stellar abundances
Dorn et al. (2016b) investigated the influence of different
bulk abundance constraints on interior estimates. In Figures
7 and 8, we similarly show this influence on key interior pa-
rameters (renv/R, mwater, rmantle, and rcore) for the median
abundance estimate (V0, blue), the iron-rich case (V1, light
7Figure 5. Sampled two and one-dimensional marginal posterior for HD 219134 b interior parameters: gas mass menv, gas metallicity Zenv, in-
trinsic luminosity Lenv, mass of watermwater, radius of rocky interior rmantle, core radius rcore, and mantle’s relative abundances Fe/Simantle
and Mg/Simantle. Blue dots explain the data within 1-σ uncertainty. Dashed curves represent the prior distributions assumed.
Table 4. Considered planet bulk abundance cases. V0 represents
median abundance estimates, whereas V1 and V2 refer to iron-rich
and iron-poor cases, respectively.
parameter V0 V1 V2
Fe/Sibulk 1.73±1.55 10.68±1.55 1.00±1.55
Mg/Sibulk 1.44±0.91 1.02±0.91 1.14±0.91
Na2O [wt%] 0.021 0.01 0.025
Al2O3 [wt%] 0.055 0.023 0.057
CaO [wt%] 0.021 0.01 0.021
green), and the iron-poor case (V2, dark green) (Table 4). As
discussed by Dorn et al. (2016b), the largest effects are seen
on rmantle and rcore: if the planets are iron-rich, the core size
is significantly larger, which implies a smaller rocky interior
(rmantle) in order to fit mass. The effect on renv/R is ap-
parent in the comparison between the iron-rich case V1 and
V0. For an iron-rich planet, the density of the rocky interior
is higher. In order to fit the mass, rmantle is smaller. Con-
sequently, to fit the radius, renv/R can be larger. For the
iron-rich case (V1), the upper 99% percentile of renv/R is
0.02 (HD 219134 b) and 0.04 (HD 219134 c) larger than for
V0. Even if the iron-rich case is in agreement with spectro-
scopic data, we believe that V1 may represent a limitation in
accuracy rather than the actual planet bulk abundance.
3.1.2. Influence of data uncertainty
In Figures 7 and 8, we also investigate the improvement
in constraining interior parameters assuming the hypotheti-
cal case of having double the precision on (1) observed mass
(light purple), and (2) mass and radius (dark purple). Signifi-
cant improvement in constraining interior parameters is only
obvious for HD 219134 b when both mass and radius preci-
sion is doubled. For HD 219134 c, the increase in both mass
and radius uncertainty leads to only moderate improvement
of parameter estimates. The different potential to improve in-
terior estimates by reducing data uncertainty for planets b and
c stems from the fact, that the uncertainties are much smaller
8Figure 6. Sampled two-dimensional (2-D) marginal posterior for HD 219134 c interior parameters: gas mass menv, gas metallicity Zenv, in-
trinsic luminosity Lenv, mass of watermwater, radius of rocky interior rmantle, core radius rcore, and mantle’s relative abundances Fe/Simantle
and Mg/Simantle. Blue dots explain the data within 1-σ uncertainty. Dashed curves represent the prior distributions assumed.
for planet c (σR = 3.1%) compared to b (σR = 5.4%). For
the considered planets, improved constraints for interior pa-
rameters are dominantly gained by a better precision in ra-
dius. This is expected, since mass-radius curves flatten out at
higher masses (Fig. 1).
3.1.3. Influence of prior on Zenv
We have shown that the individual parameters Lenv, Zenv,
and menv are weakly constrained and thereby are dominated
by their prior distributions. However, renv/R is well con-
strained (Figures 7 and 8), which is not explicitly a model
parameter in this study. Here, we investigate the effect of
different priors on the radius fractions renv/R. An obvious
prior to test is on Zenv. The prior on gas metallicity can be
chosen such that it favors H2-dominated (uniform in 1/Zenv)
or enriched atmospheres (uniform in Zenv). In Figures 7 and
8 (comparing blue and dark grey curve), we demonstrate that
different priors in Zenv have only small effects on the possi-
ble distribution of radius fractions renv/R.
3.2. Secondary or primordial atmosphere?
The comparison in Figure 9 of the inferred renv/R (solid
lines) to the threshold thickness ∆R/R (dashed areas) shows
that the possible atmospheres of planets b and c are signifi-
cantly smaller than ∆R/R. This indicates that the possi-
ble atmospheres are not dominated by hydrogen but must be
secondary in nature. This provides a simple test to identify
H2-rich versus enriched atmospheres, which may then guide
future spectroscopic campaigns to characterise atmospheres
(e.g., JWST, E-ELT).
3.3. Comparison to other planets
Similarly to HD 219134 b and c, we compare renv/R with
∆R/R (Figure 9 and Table 5) for GJ 1214 b, HD 97658 b,
and 55 Cnc e. This serves as a benchmark for our proposed
determination for H2-dominated and enriched atmospheres,
since large efforts were put in understanding composition and
nature of the atmospheres of the three planets.
For GJ 1214 b, the distribution of renv/R is large and over-
9Figure 7. Sampled one-dimensional marginal posterior for selected parameters of HD 219134 b: (a) gas radius fraction renv/R, (b) water
mass fraction mwater /M , (c) rock radius fraction rmantle /R, and (d) relative core radius rcore/rmantle. The posterior distributions depend on
precision on bulk abundance constraints (light and dark green curves), and mass and radius uncertainties (light and dark purple curves). For
comparison, the Earth-like solution is highlighted in red.
Figure 8. Sampled one-dimensional marginal posterior for selected parameters of HD 219134 c: (a) gas radius fraction renv/R, (b) water mass
fraction mwater /M , (c) rock radius fraction rmantle /R, and (d) relative core radius rcore/rmantle. The posterior distributions depend on
precision on bulk abundance constraints (light and dark green curves), and mass and radius uncertainties (light and dark purple curves). For
comparison, the Earth-like solution is highlighted in red.
laps with ∆R/R. The possible atmosphere is consistent with
both a H2-dominated and enriched atmosphere. Prior to our
study, much effort has been invested in characterizing the at-
mosphere of GJ 1214 b (e.g., Berta et al. 2012; Kreidberg
et al. 2014). Studies on interior structure suggested either an
hydrogen-rich atmosphere that formed by recent outgassing
or a maintained hydrogen-helium atmosphere of primordial
nature (Rogers & Seager 2010). A third scenario of a mas-
sive water layer surrounded by a dense water atmosphere has
been disfavored by Nettelmann et al. (2011) based on thermal
evolution calculations that argued that the water-to-rock ra-
tios would be unreasonable large. Transmission spectroscopy
and photometric transit observations revealed that the atmo-
sphere has clouds and/or shows features from a high mean-
molecular-mass composition (Berta et al. 2012; Kreidberg
et al. 2014).
For HD 97658 b, we find that renv/R is very likely smaller
than ∆R/R. This suggests an atmosphere that is enriched
and thus possibly of secondary nature, however, a primor-
dial atmosphere cannot be ruled out with certainty. Previous
transmission spectroscopy results of Knutson et al. (2014)
are in agreement with a flat transmission spectrum, indicat-
ing either a cloudy or water-rich atmosphere. The latter sce-
nario would involve photodissociation of water into OH and
H at high altitudes. Evidence for this would be neutral hy-
drogen escape. Bourrier et al. (2016) undertook a dedicated
Lyman-α line search of three transits but could not find any
signature. Any neutral hydrogen escape could happen at low
rates only. Consequently, a low hydrogen content in the up-
per atmosphere is a likely scenario. This is consistent with
our findings, that a secondary atmosphere is probable.
For 55 Cnc e, our prediction clearly indicates a secondary
atmosphere, since renv/R is significantly lower than ∆R/R.
This is in agreement with previous interpretations based on
infra-red and optical observations of transits, occultations,
and phase curves (Demory et al. 2012, 2016; Angelo & Hu
2017). This planet has a large day-night-side temperature
contrast of about 1300 K and its hottest spot is shifted east-
wards from the substellar point (Demory et al. 2016; Angelo
& Hu 2017). The implication for the atmosphere is an opti-
cally thick atmosphere with inefficient heat redistribution. A
bare rocky planet is disfavored (Angelo & Hu 2017). Fur-
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thermore, Ehrenreich et al. (2013) give evidence for no ex-
tended hydrogen planetary atmospheres (but see Tsiaras et al.
2016). If an atmosphere is present, it would be of secondary
nature. Our approximated approach leads to the same conclu-
sion. Furthermore, the study of 55 Cnc e’s thermal evolution
and atmospheric evaporation by Lopez (2017) suggest ei-
ther a bare rocky planet or a water-rich interior. Although the
composition of 55 Cnc e is a matter of debate, a hydrogen-
dominated atmosphere seems unlikely.
Also we note that this test holds for Earth and Venus, al-
though atmospheric loss mechanisms are very different for
them (i.e., Jeans escape and non-thermal escape) (Shizgal
et al. 1996). The threshold thicknesses of possible primor-
dial atmospheres are larger than 10 %, whereas the actual
thicknesses are no more than a few percent. Thus, our tests
would correctly predict a secondary atmosphere for Earth and
Venus.
Figure 9. Comparison of renv/R between five highlighted planets in
Figure 1. Inferred radius (solid lines) and approximated threshold
thicknesses ∆R/R (colored areas with dashed borders). ∆R/R is
listed in Table 5 for all five planets.
A comparison of atmospheric origin on a larger set of ex-
oplanets is limited due to the lack of estimated X-ray stellar
luminosities. For simplicity, we assume solar X-ray lumi-
nosities whenever stellar X-ray luminosities are not available,
which is a fair assumption given that the Kepler mission tar-
geted Sun-like stars. Using such simple assumptions, the dis-
tribution of planets with secondary atmospheres depends on
planet mass and equilibrium temperature to first order (Fig-
ure 10 and Table 6). In comparison to the tested HD 219134 b
and c, most planets have higher equilibrium temperatures and
are thus more vulnerable against atmospheric loss. Also,
Dorn et al. (2016b) concluded that it is unlikely that the
planets HD 219134 b, Kepler-10 b, Kepler-93 b, CoRoT-7b,
and 55 Cnc e could retain a hydrogen-dominated atmosphere
against evaporative mass loss.
Table 5. Threshold thickness ∆R/R for different evaporation effi-
ciencies η.
planet Lx [erg/s] ∆R/R ∆R/R
(η = 0.01) (η = 0.2)
HD 219134 b 4×1026 0.28 0.36
HD 219134 c 4×1026 0.19 0.24
GJ 1214 b 7.4×1025 0.17 0.22
55 Cnc e 4×1026 0.37 0.46
HD 97658 b 1.2×1028 0.18 0.22
Earth 2.24×1027 0.12 0.16
Venus 2.24×1027 0.15 0.21
Table 6. Threshold thickness ∆R/R for evaporation efficiencies
η of 0.01 and 95th-percentile of inferred atmosphere thicknesses
renv/R. ∗In case of planets for which stellar X-ray luminosities are
not available, we assume solar X-ray luminosities.
planet 95th-percentile of renv/R ∆R/R
Kepler-78 b 0.15 1.0∗
GJ 1132 b 0.1 0.40∗
Kepler-93 b <0.05 0.31∗
Kepler-10 b <0.05 0.76∗
Kepler-36 b <0.05 0.23∗
HD 219134 c 0.13 0.19
HD 219134 b 0.18 0.28
CoRoT-7 b 0.1 0.59∗
Kepler-21 b 0.05 0.64∗
Kepler-20 b 0.05 0.18∗
55 Cnc e 0.18 0.37
Kepler-19 b 0.27 0.25∗
Kepler-102 e 0.17 0.10∗
HD 97658 b 0.21 0.18
Kepler-68 b 0.28 0.25∗
Kepler-454 b 0.28 0.16∗
GJ 1214 b 0.39 0.17
Kepler-11 d 0.43 0.20∗
Kepler-33 c 0.48 0.18∗
Kepler-79 e 0.58 0.25∗
Kepler-36 c 0.49 0.30∗
The possible transition between secondary and primordial
atmospheres depending on Teq is positively correlated with
planet mass (Figure 10). Theoretical photo-evaporation stud-
ies (e.g., Jin et al. 2014; Lopez & Fortney 2013) and the study
on observed planets by Lecavelier des Etangs et al. (2007)
predict similar trends, in that planets need to be more mas-
sive when receiving higher incident flux in order to retain
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Figure 10. Possible origin of atmospheres depending on effective
temperature and planet mass. For labeled planets, we use our
method described in the text. For unlabelled planets, stellar X-ray
luminosities are not available and thus we assume solar X-ray lu-
minosities which is a fair assumption given that the Kepler mission
targeted Sun-like stars. Radii and masses of considered planets are
shown in Figure 1.
their primordial atmospheres. For a better understanding of
the observed distribution of secondary atmospheres, future
estimates of X-ray stellar luminosities are required.
4. DISCUSSION
As already mentioned, the strongest assumption we make
is that mass loss is constant over the stellar age. A more
accurate approach is to calculate
Menv,lost =
∫ t?
0
piηFXR
2
Eg
dt, (8)
where η(t) and FX(t) are both functions of time. The X-
ray luminosity evolves over the lifetime of the star, which in
turn causes the efficiency of atmospheric escape to evolve.
Also, the planetary radius R depends on the gas mass frac-
tion that changes over time. We emphasize that, while the
Menv,lost = M˙t? approximation may lack precision, the log-
ical structure of our approach is robust and accurate. The rea-
soning remains that Menv,lost (corresponding to a thickness
of ∆R) worth of atmosphere may be eroded over the stel-
lar lifetime, so any inferred atmosphere with thicknesses less
than this threshold are very unlikely to be primordial (H2-
dominated).
In addition, we assume T = Teq while estimating the
threshold thickness (Equation 3). Heng (2016) finds differ-
ences on the order of few tens of percents while approxi-
mating the scale height with the isothermal scale height at
T = Teq. If temperatures are higher, the hydrogen escape
would be more efficient and ∆R/R would be higher (and vice
versa). The uncertainty on the temperature is accounted for
by the variability in η.
Furthermore, our estimates of the radius fraction renv/R
are subject to our choices of interior model and assump-
tions. Changes in the interior model, especially the atmo-
sphere model, can affect the estimated renv/R as discussed
by (Dorn et al. 2016a). Furthermore, we assume distinct lay-
ers of core, mantle, water, and gas. This may not be true as
discussed for giant planets (Stevenson 1985; Helled et al.
2010).
Following the outlined strategy, it is possible to test for
other types of atmospheres (e.g., N2 or CO2-dominated at-
mospheres). Here, we focussed on an atmosphere type that
informs us about formation processes, i.e. we have assumed
that a primordial atmosphere is dominated by hydrogen. In
principle, a primordial atmosphere can be enriched by plan-
etesimal disruption during the accretion. However, initial gas
fractions for super-Earths are small and it is not clear whether
atmosphere enrichment can be efficient in these cases nor
if metal-enriched thin atmospheres remain well-mixed over
long timescales.
We have demonstrated that the possible atmospheres on
HD 219134 b and c are very likely to be secondary in nature.
We have shown that this result is robust against different as-
sumptions of bulk abundance constraints and prior choices,
as shown for Zenv.
Based on bulk density, both planets could be potentially
rocky. However, we would expect planets, that are rocky
and that formed within the same disk, to roughly lie on the
same mass-radius curve. This is because we expect a compo-
sitional correlation, i.e. similar abundances of relative re-
fractory elements (e.g., Sotin et al. 2007). The fact, that
HD 219134 b and c do not fall on one mass-radius curve,
suggests that the larger planet b must harbor a substantial
volatile layer.
Our use of stellar composition as a proxy for the planet
bulk composition excludes Mercury-like rocky interiors. If
such interiors were applicable to the HD 219134 planets, the
rocky interiors would be iron-rich surrounded by substan-
tially thick volatile envelopes in order to fit mass and radius.
It remains an open question whether Mercury-like interiors
are common or not.
5. CONCLUSIONS AND OUTLOOK
We have presented a method in order to determine the na-
ture of a possible atmosphere. Since close-in planets suffer
from evaporative mass loss, the amount of primordial atmo-
sphere that can be lost is determined by irradiation from the
star, lifetime of the system, and evaporation efficiency. For-
tunately, the amount of primordial atmosphere loss is weakly
dependent on evaporation efficiency and system lifetime in
case of the usually Gyr-old observed exoplanets. A compar-
ison between the threshold thickness above which a primor-
dial atmosphere can be retained against atmospheric escape
and the actual possible atmosphere thickness is a clear indi-
cator of whether an atmosphere is secondary. We performed
this analysis for HD 219134 b and HD 219134 c.
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The possible thicknesses of their atmospheres were in-
ferred by using a generalized Bayesian inference method.
For this, we have used the data of planet mass, radius, stel-
lar irradiation, and bulk abundance constraints from the star
to constrain the interiors of HD 219134 b and c. Interior
parameters include core size, mantle composition and size,
water mass fraction, intrinsic luminosity, gas mass, and gas
metallicity. Although individual parameters of the gas layer
(menv, Lenv, Zenv) are only weakly constrained, the thick-
ness is well contrained. Inferred thicknesses renv/R are ro-
bust against different assumed priors and bulk abundance
constraints.
We summarize our findings on HD 219134 b and
HD 219134 c below:
• maximum radius fractions of possible gas layers are
0.18 (HD 219134 b) and 0.13 (HD 219134 c),
• the possible atmospheres are likely secondary in na-
ture,
• HD 219134 b must contain a significant amount of
volatiles.
Here, we have proposed a simple quantitative determina-
tion of the nature of an exoplanetary atmosphere, that does
not include spectroscopic measurement. In order to check
our method against planets whose atmospheres are inten-
sively studied, we applied it to GJ 1214 b, HD 97658 b, and
55 Cnc e. Our predictions agree with previous findings on
their atmospheres, and may be tested by future infrared trans-
mission spectroscopy performed on these exoplanets.
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